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SUMMARY

1. Depth discrimination, using disparity cues alone, was studied with a
small fixation point and briefly exposed, vertical slit-shaped targets.

2. The upper limit for reliable qualitative localization of a slit as nearer
or further than the fixation point is 4-7 deg of absolute disparity in a con-
vergent direction and 9-12 deg in a divergent direction. Even larger
absolute disparities can be recognized in the peripheral visual field.

3. Relative depth discrimination between two slit targets was measured
as a function of their spatial position. The horopter (the locus of targets
that appear to be fused binocularly) is the region of maximum stereo-
acuity and this does not necessarily coincide with the Vieth-Mifller circle
(the locus of zero geometric or absolute disparity). There is a gradual increase
in stereo-threshold as the targets are moved out along the horopter, away
from the fixation point into the peripheral visual field. The relative dis-
parity threshold also rises, approximately exponentially, as the targets
are moved in depth or absolute disparity away from the horopter.

4. Relative depth discrimination is, then, operative over a very wide
band of visual space around the horopter (about 3 deg of absolute dis-
parity in the centre of the visual field and even more in the periphery).

5. The findings are discussed in relation to the neurophysiology of
binocular neurones of the cat cortex. The dimensions of visual space under
observation by the binocular apparatus of cat and man are rather similar.
The sharper decline of stereo-acuity with absolute disparity in the centre
of the visual field may be related to the limits of bilateral representation
of a central strip of retina in the human brain.

* Present address: The Physiological Laboratory, University of Cambridge,
Cambridge CB2 3EG, England.
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INTRODUCTION

Far more is known now about the probable neural mechanisms involved
in binocular depth discrimination than when the classical psychophysical
experiments on stereopsis were performed. We know, for example, that
each binocularly driven neurone in the cat's visual cortex requires a
correctly orientated image to be optimally positioned in both eyes, at
some rather exact horizontal disparity (Barlow, Blakemore & Pettigrew,
1967; Pettigrew, Bishop & Nikara, 1968). And the optimal disparity
varies from cell to cell over a range of several degrees (Barlow et al. 1967;
Nikara, Bishop & Pettigrew, 1968; Blakemore, 1969). Different binocular
neurones are, therefore, automatically excited by objects lying at different
distances from the eyes. Presumably their efferent signals encode the
three-dimensional locations of those objects. In the centre of the visual
field the nasotemporal division poses a problem for this system of binocular
neurones, for any object lying immediately behind or in front of the
fixation point should be represented monocularly in each hemisphere. In
fact there is an arrangement for the representation of a central vertical
strip of retina in both hemispheres and hence binocular neurones encoding
objects in central vision can and do exist (Blakemore, 1969).

It seems reasonable to re-examine some of the classical studies in human
stereopsis, in the light of these neurophysiological observations.

In this paper I try to determine the range of space over which stereopsis
is at work in man. In particular, the aim of this investigation was to find
out how stereo-acuity (the ability to recognize a relative disparity between
two targets) varies as a function of the three-dimensional position of the
targets, both peripherally in the visual field and in depth, or absolute
disparity, for a fixed eye position.

Apparatus METHODS

Fig. 1 is a schematic diagram of the stereoscope, or haploscope, used in this study.
The subject, firmly positioned on a bite-bar, viewed a continuously visible bright
fixation point, 43-7 cm from the eyes and straight ahead. This fixation spot was a
small hole, subtending about 5 min at the eyes, in a large fronto-parallel white card.
The hole was illuminated from behind, through a translucent acetate sheet, by a
tungsten filament bulb. The luminance of the spot as seen by the observer was about
3.5 cd . m-2 and of the card surrounding it about 0-035 cd. m-2.
Each arm of the haploscope carried two projection boxes and could be rotated

around the centre of the eye to which it delivered stimuli through a mirror of 70%
reflectance. Two targets, as well as the fixation point, could be presented to each eye.
The path length between each target and the eye was exactly 43-7 cm. At this
distance 0 001 in. subtends a visual angle of 12 sec.
The targets were transilluminated vertical white slits on a black background. The

slits were 2-25 deg long and 2 25 min wide. They could be presented continuously, or
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THE RANGE OF STEREOSCOPIC VISION 601

briefly exposed by powering the tungsten-filament projection bulbs with square-
wave pulses generated by a Grass Stimulator (model S4DR). For the short exposures
the slits were visible for only 100 msec, so that a fixational eye movement could not
be initiated during their presentation. Their luminance was 3-5 cd.m-2. The targets
could be set at any position in the visual field by rotation of the arms of the haplo-
scope, and vertical adjustment of the projection boxes. In addition one target in

Translucent diffuser
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w ~~~~~eyeeye
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Fig. 1. This is a schematic diagram of the apparatus used in these experi-
ments. The projection boxes holding the slit-shaped targets (T1, T2, T3
and T4) were mounted on the arms of a haploscope, which could be rotated
around the centres of the two eyes. For T1 and T3 additional fine movement
could be introduced by the rack-and-pinion manipulators and it was
measured with the dial gauges. The light sources, labelled L, were all
tungsten filament bulbs. The fixation point, F, was a small hole in the
fronto-parallel white card. The mirrors marked M1, M2 and M3 had front
surface refpectances of 100, 50 and70n respectively and anti-refiexion
coating on the rear surfaces. In Expt. 3 the targets T2 and T4, delivered
separately to the two eyes, were arranged to represent a binocular reference
slit, S, and T1 and T3 formed the images of the test slit, St. In Expts. 1
and 2 only one target w-as visible in each eye, as described in the text.

each eye (T1 and T3 in Fig. 1) was mounted on a rack-and-pinion manipulator and
could be moved horizontally in the visual field in very small steps. Tha position could
be read with an accuracy of 6 sec of arc on a dial gauge in contact with the pro-
jection box. The manipulators allowed a total fine movement of up to 14 deg in each
eye.
The observer delivered the stimuli to himself when he was fixating the spot

steadily and he was allowed two exposures before making a judgement.
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Psychophysical method

The Staircase Method (Cornsweet, 1962) was used to generate frequency-of-seeing
curves in Expts. 1 and 3, below. This technique is essentially a modification of
Fechner's Method of Limits (1860) in which some task is made successively more
difficult in discrete steps until the judgement can no longer be made. The 'double
random staircase method' overcomes the obvious problem of anticipation on the
subject's part by having two 'staircases' approaching the threshold, from above
and from below. The same increments are used on both staircases and, as long as the
observer produces a response 'correct' for the staircase determining that particular
presentation, the next setting on that staircase is made more 'difficult'. The experi-
menter switches randomly from one staircase to the other so that the observer never
knows what value the next stimulus will take. Whenever the subject produces a
response inappropriate for the staircase determining that presentation, the staircase
reverses. Thus both staircases gravitate towards, and oscillate about, threshold.

This process was continued until the settings around threshold had accumulated
about twenty judgements. A frequency-of-seeing curve for the particular task could
then be constructed from these results.
The Staircase Method has considerable advantage over the usual method of

Constant Stimuli for the determination of a frequency-of-seeing function:
(1) it is faster;
(2) the threshold region is determined by the actual judgements and is not set by

the experimenter on the basis of preliminary trials. Hence there is no bias in select-
ing the region of sample;

(3) the increments could actually be changed in size or reset in value in the middle
of a session if it was found that the steps of choice were too large, too small or
inappropriately positioned. The observer was completely unaware of any such
manceuvre.

Subjects
There were three observers, all with uncorrected visual acuity of 6/6 (20/20) or

better, and no problems with binocular vision or stereopsis. None of them was an
experienced observer and some time was spent in practising steady fixation and the
experimental tasks before data were collected. No attempt was made to explain
in detail the nature of the stimulus array, since naivety was considered important.

RESULTS

Absolute and relative horizontal disparities
Blakemore (1969) has discussed retinal parallax or disparity in detail.

In brief, if a target in the plane of fixation lies on the so-called Vieth-
MIuller circle, through the fixation point and the anterior nodal points of
the eyes, then its image occupies the same geometric position on the nasal
retina of one eye and the temporal retina of the other. It has zero horizontal
disparity. If the target is not on the Vieth-Milller circle it has some
absolute horizontal disparity, defined as the difference in the angle of
azimuth in the two eyes. Objects closer than the circle have convergent
disparity, those further away divergent disparity. The difference in absolute

602



THE RANGE OF STEREOSCOPIC VISION
disparity of two objects is called the relative disparity between them: one
object can be convergent or divergent relative to another.

Experiment 1. The horopter
The concept of the horopter is reviewed by Ogle (1962, pp. 325-348). It

is a kind of subjective Vieth-Muiller circle, the locus of objects that
appear to lie in the same position in the visual field of both eyes. An object
placed on the horopter seems then to be 'single' or 'fused'. I used the
identical visual direction or Nonius criterion (Ogle, 1962, pp. 329-330) to
measure the horopter.
The stimulus array is shown in Fig. 2 A. Only one slit was visible in each

eye. In the left eye the slit was continuously visible, directly above the
fixation point, or at some other eccentricity at the same height in the visual
field. The slit in the right eye was positioned below that in the left with a
gap of about 8 min between them and it was briefly exposed, its horizontal
position being varied on each trial. The subject's forced-choice task was to
say whether the flashed lower slit appeared to lie to the left or to the right
of the upper slit. The Staircase Method was used to determine the settings
of the lower slit. On, say, staircase 1 the lower slit would start well to the
right of the upper one and as long as the subject replied 'right' it would be
moved a little to the left on the next trial. As soon as it elicited a judgement
of 'left' the staircase would reverse and it would be moved progressively
rightward until judged to be 'to the right' and so on. On staircase 2 the
target would initially be set well to the left and would be shifted in until
judgements reversed in the same way. The experimenter changed from
staircase 1 to 2 randomly on successive trials.
From the frequency-of-seeing curve the 50 % 'to the right' setting was

taken as the position of the slit in the right eye for it to appear to be at the
same visual direction as that in the left.
A geometric construction of the horopter for T. 0. is shown in Fig. 3.

Each point shows where an object would have to be placed for it to be
seen single by T. 0. when fixating at F.
The horopter point at fixation is, in effect, a measure of fixation dis-

parity (Ogle, 1962, pp. 329-330) or the inability to direct corresponding
points within the two foveae exactly at the fixation point. All three
subjects showed small fixation disparities but the largest (for J.W.) was
only 3*5 min.

It can be seen from Fig. 3 that T. O.'s horopter by no means approxi-
mates to the Vieth-Muller circle, and this is commonly the case. A
principal aim of Expt. 3 was to determine whether the horopter or the
true geometric Vieth-Miiller circle is the region of maximum stereo-acuity.
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Preamble
Experiment 2. The upper limit of stereopsis

If one object is moved in depth, nearer or further than another object,
which is itself being fixated, then ultimately an absolute disparity is
reached at which the first target cannot be reliably localized as closer, or
more distant, than the second. There is some controversy about the
magnitude of this upper limit for qualitative depth localization with
diplopic or double images.
Both von Helmholtz (1866) and Hering (1879) denied the necessity of

fusion for stereopsis. Even when a target is so far from the horopter that
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Fig. 2. For legend see facing page.
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THE RANGE OF STEREOSCOPIC VISION

it is outside Panum's fusional area (Mitchell, 1966) its diplopic images can,
they said, still appear as distinctly nearer or further than the fixation point.
On the other hand, Hillebrand (1929) assumed that stereopsis is impos-

sible if any target involved is seen double. Since the threshold disparity
E 50 _
U - T.O.

E 45 - Fronto-parallel0
planeX, 50 50 Horopter

Vieth-MUller
circle

040

Fig. 3. The horopter for T. 0. Each point marks the position in the plane
of fixation at which an object appears to lie in the same visual direction
through the two eyes, while T. 0. is fixating point F, at a distance of
43-7 cm from his eyes. The scale, showing the distance from the eyes, is
also appropriate for the fronto-parallel co-ordinate. The interrupted lines
represent the visual axes.

Fig. 2. The stimulus array for each experiment is shown in this diagram.
The targets are not drawn to scale. The solid bars and circles represent
the bright slits and the fixation point.
A. In Expt. 1 the upper slit was visible in the left eye alone (indicated

by L) and the lower slit in the right (R). The latter was moved from side to
side between exposures until it seemed lined up with the upper slit, while
the subject fixated the spot F with both eyes. The right-hand side of the
diagram shows the stimulus array for determining the horopter point at
some peripheral angle, e.

B. For Expt. 2 a single slit was again visible in each eye but they were
both at the same elevation in the visual field. One slit was seen by the left
eye (L) and the other by the right (R). They were set at some absolute
disparity (d) before each exposure. Again, the right-hand side shows 'the
situation for determining the upper limit of stereopsis at some eccen-
tricity (e) in the field.

C. In Expt. 3 all four slit targets were used, one above and one below
the fixation point (F) in each eye. The absolute disparity (d) of the upper
slits, one seen by each eye, was set to create a binocular reference target.
The relative disparity (Ad) of the lower pair of slits was changed between
exposures. The small lateral shift (8) was varied randomly to the right and
the left. On the right is the stimulus pattern for studying peripheral
stereopsis,
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for the recognition of diplopia (one half the size of the classical Panum's
fusional area: Mitchell, 1966) is about 7 min at the fovea, this would imply
that as soon as any object is moved into this amount of absolute disparity
it should no longer contribute to stereopsis.

Ogle (1952a, b) attempted to measure the limits of stereoscopic vision
by moving one rod in depth away from the fixation point. He said that
there are two levels of stereoscopic sensation. For a small amount of dis-
parity a further increase produces an enlargement of the apparent distance
between fixation point and rod. This patent stereopsis, he said, extends for
about 10 min disparity at the fovea, and hence is operative for some small
disparity range after the appearance of diplopia.

If the target is made even more disparate it can be located reliably as
nearer or further than fixation, but the disparity-depth relationship is lost.
Beyond this range of qualitative stereopsis, which he found to extend only
to about 15 min of disparity at the fovea, the double images cannot be
located in depth at all. In the periphery the limits are all much larger.
The techniques of continuous exposure and adjustment by the subject

that Ogle usually used (1952 a, b) may have produced artifacts of eye-
movement and judgement-criterion. Westheimer & Tanzman (1956) used
a different method that produced rather different results. With short
exposure and randomized presentation they measured the upper limit of
stereopsis for a small spot object. They found that disparities of several
degrees could be recognized in the centre of the visual field. In fact their
best observer was able to perform at about 6 deg or so of convergent
disparity and at least 10 deg of divergent disparity.

Procedure
The stimulus arrangement I used to measure the upper limit ofstereopsis

is shown in Fig. 2B. Again only one slit was visible in each eye but they
were at the same vertical elevation, their centres being level with the
fixation point. The slit was set to the left in the left eye and to the right in
the right eye to create the images of an object with divergent disparity,
behind the fixation point. Settings in the opposite directions in the two
eyes mimicked an object in front of the fixation point with convergent
disparity.
The slits were briefly exposed to the subject while he fixated the spot. He

had to judge whether the diplopic targets seemed nearer or further than
the spot. The disparity was varied randomly in direction (convergent or
divergent) and in magnitude (2-14 deg) from trial to trial. The Staircase
Method was not appropriate for this experiment.

In all, ten trials were given at each setting. The subject was judged to be
discriminating significantly better than chance if he scored nine or ten
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correct out of ten (P < 0.05). I took the largest disparity value with a
score of nine or ten correct, and for which all smaller disparities also gave
nine or ten correct responses, as a rough estimate of the upper limit of
qualitative stereopsis.
The results are displayed in Table 1. For subject T. 0. the determination

was repeated at mean eccentricities of 5 deg and 10 deg to the right of the
fixation point. Evidently the upper limit of qualitative depth localization
increases somewhat with the peripheral angle of the targets.

TABLE 1. The upper disparity limit for qualitative stereopsis

Peripheral angle

-Odeg 5 deg 10 deg
r

A
r A I ,~ A

Con- Diver- Con- Diver- Con- Diver-
vergent gent vergent gent vergent gent

Subject disparity disparity disparity disparity disparity disparity

T.O. 7 deg 9 deg 9 deg 12 deg 13 deg > 14 deg
J.W. 6 deg 10 deg - -
A.B. 4 deg 12 deg

Experiment 3. The variation of stereo-acuity with spatial position
Preamble
Within the range of patent stereopsis (Ogle, 1952a, b) a change in the

absolute disparity of a target produces a change in its apparent distance.
This implies that, within this range of absolute disparity, differences in
disparity should be capable of being discriminated.
Many investigators have examined relative depth localization for targets

so disparate that they appeared double (Tschermak & Hoefer, 1903;
Heine, 1904; Aall, 1908; Burian, 1936; Ogle, 1953). Some of these studies
have indicated that relative depth discrimination is not entirely lost even
when both targets are far from the horopter and therefore seen double.
Tschermak & Hoefer (1903) found, for example, that the range of error

for setting a needle to appear to be at the same distance as another needle,
which itself was some 2-5 deg convergent to the fixation point, was just
over 0-5 deg, and that the angular range oferror increased ifthe comparison
needle was brought even nearer.
However, none of the early studies controlled the many extraneous cues

to depth discrimination. In most of the experiments the stimulus mani-
pulation was done in real space with long exposure, and there were factors
in the experimental design that could have provided strong additional
cues to localization. Nevertheless, even the early experiments provide a
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strong indication that relative depth judgement is possible at large absolute
disparities.
The principal purpose of the experiments to be described here was to

measure the region of patent stereopsis by studying relative disparity
judgement as a function of the absolute disparity of the targets, for various
peripheral angles.

In effect, Ogle (1953) investigated this very function, although he
thought of his measurements as an index of the accuracy of localizing the
double images of one object with respect to the fixation point. In Ogle's
experiment the observer viewed a spot and two needles were exposed for
200 msec. The reference needle had originally been set (without elimina-
tion of monocular cues), at some eccentricity and absolute disparity. The
test needle, of adjustable disparity, with no monocular cue, lay at the same
eccentricity but on the other side of the fixation point. Using the Method of
Limits the subject adjusted the disparity of the test needle between
exposures until it seemed to be at the same distance behind, or in front of,
the fixation point as the reference needle. Ogle reported an exponential
increase in the standard deviation of these judgements with increasing
absolute disparity. The results are rather difficult to interpret because the
separation of test and reference needles increased, of course, with in-
creasing eccentricity in the visual field. Also, the stimulus array did not
allow measurement of the function in the middle of the field because the
targets would have been superimposed.

Fender & Julesz (1967), by using binocularly stabilized retinal images,
were able steadily to introduce a divergent absolute disparity into the
retinal images of a computer-generated stereogram of random dots. The
pattern contained a central square of dots that was shifted into 8 min of
convergent disparity, relative to the background. It was necessary to
introduce 2 deg of absolute disparity before the sensation of depth was lost
and the pattern seemed to fragment. Rather than a determination of
Panum's fusional area under conditions of stabilization, as suggested by
the authors, this experiment may perhaps be better considered as an
estimate of the relative disparity threshold (8 min) at an absolute divergent
disparity of 2 deg.

It was my aim to confirm Ogle's observations (1953) in a situation where
monocular cues were completely eliminated, test and reference targets
always lay near each other on the retinae, and a rather more thorough
psychophysical technique could be employed.

Procedure
Fig. 1 shows the apparatus set up to perform this experiment. The

subject saw the stimulus array of Fig. 2 C. All four slits were used to create
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THE RANGE OF STEREOSCOPIC VISION
the binocular reference and test targets (Sr and St). Slit T2 in the right eye
and T4 in the left (Fig. 1) were set to an elevation just above the fixation
point to create the upper reference slit, Sr. T1 and T. were arranged verti-
cally to be at a level just below the fixation point to make the test slit, St.
By moving the haploscope arms the upper reference slit could be set to any
eccentricity in the visual field and any absolute disparity. Monocular
vernier alignment of the lower slit images with the upper ones, by means of
the rack-and-pinion manipulators, located the test slit at exactly the same
disparity and eccentricity. The dial gauges were read at this setting and the
values were taken as zero relative disparity between reference and test
targets.
The Staircase Method was used to construct a frequency-of-seeing curve

as the relative disparity ofthe lower slit was varied. Staircase 1 approached
the same depth region from the convergent side and staircase 2 from the
divergent. The subject pressed a button to expose both upper and lower
slits simultaneously while carefully fixating the spot. He was required to
say whether the lower slit seemed to be closer or more distant than the
upper.
As well as changing the disparity of the test slit between trials the

experimenter also introduced a lateral shift of the two lower slit images,
equal in angle and direction in the two eyes, and varied randomly to the
left and to the right on successive trials. These lateral displacements were
added because without them the task would have been reduced, if the
subject had been aware of it, to a simple monocular recognition of vernier
misalignment. Even with these shifts the observer could still answer
meaningfully without any sensation of depth by simply comparing the
angular separations of the diplopic images of the upper and lower targets.
There are three reasons why I do not believe that this cue was picked up:

(1) the observers were naive of the concept of disparity and no feed-
back was given to guide them;

(2) none of the subjects noticed diplopia in the images, even for 1 deg
of disparity or more, until it was pointed out that they might see double;

(3) they all showed constant errors between the true zero relative dis-
parity setting and the subjective 'same depth' value (50% 'nearer '/50%
'further' setting of the test target). Such constant errors were negligible
in post hoc control experiments in which a subject was asked actually to
judge whether the half images of the lower target seemed to be further
apart or closer together than those of the upper.
The magnitude of the lateral shift was 20 min when the targets were in

the centre of the visual field, 30 min at 5 deg eccentricity and 40 min at
IO deg.

It was found, not unexpectedly, that the relative depth threshold
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increases as both targets are moved away from fixation, either in eccen-
tricity or in depth.
For large absolute disparity settings of the reference slit it was not

unusual to find that the frequency-of-seeing curve was not a symmetrical
ogive about the 500 'nearer' point. Naturally it was rather more difficult
to detect an increase in absolute disparity taking the lower target further
from the horopter than a decrease, bringing it closer. This made Probit
analysis of the data rather difficult and instead a smooth curve was
fitted by eye to the data and the 25 and 75 % 'nearer' settings read off
from this curve were taken as the stereo-threshold values in divergent
and convergent directions respectively, away from the 50 % (same sub-
jective depth) setting.

100

C
0 ~~~~~~~~~~J.w.%I- 75

C

o 50 - --

4 0 4 8 12 16
Convergent Divergent

Disparity of lower slit relative to upper slit (min)

Fig. 4. A typical frequency-of-seeing curve. The upper slit was at 0 deg
eccentricity and was at I deg of convergent absolute disparity. The
abscissa is the relative disparity between upper and lower slits, zero being
equal disparity. The points plot the probability of the lower slit being seen
in front of the upper one. A smooth curve is drawn through the points, and
the thresholds (TC and Td), in convergent and divergent directions, are
derived from it. In this example T. = 3-8 min and Td = 3-3 min. There is
a large constant error: the lower slit must be set at a disparity of about
7-8 min divergent to the upper one for them to seem to be at the same
depth.

Fig. 4 is a quite typical example of a frequency-of-seeing curve. The
upper slit was set in the middle of J.Wr.'s visual field and was moved into
1 deg of convergent disparity in front of his fixation point. The graph
plots the probability of the lower slit being reported 'in front' of the
upper one, as a function of the relative disparity between them. The
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A

120 80 40 0 40 80 120

B

J.W.

120 80 40 0 40 80 120
Convergent Divergent

Absolute disparity (min)

Fig. 5. A. The relative disparity stereo-threshold, between upper and
lower slits, in min of arc is plotted against the absolute disparity of the
50% 'in front' setting of the lower slit, for subject J.W. Each filled
circle represents the threshold in a convergent direction, i.e. the difference
between 50 and 75 % 'in front' disparities. Each open circle is the
divergent-ward threshold, i.e. the disparity change between 25 and 50%
'in front'.

B. The means of the convergent-ward and divergent-ward thresholds
from Fig. 5A are replotted with a logarithmic ordinate. The best fitting
(least squares) straight lines are drawn through the data.
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COLIN BLAKEMORE
asymmetry of the S-shaped curve is clear. The two thresholds, T. and Td, in
convergent and divergent directions, are derived from the smooth curve
through the points, arbitrarily using the 25 and 75% levels. Fig. 4 also
illustrates how there can be a large constant error between the disparity
for the 50% (same subjective depth) response and the actual zero relative
disparity.

In Fig. 5A the asymmetry in threshold for movement towards and
away from the horopter is clearly shown for subject J.W. This is a plot of
relative stereo-threshold versus absolute disparity at 0 deg eccentricity.

00

A 20 B - 20

T.O. 18 A.B. - 18
00 ~~~~~~~~~~~~50

_ -00 16

14 - 14E
(U (U ~~~~~~~~~~~~100

100 U,
122 50 12

10 10 d

8 ~~~~~~~~~~8

6 6

4 4

2

120 80 400h40 80 120 120 80 40 0t40 80 120
Convergent Divergent Convergent Divergent

Absolute disparity (m)in

Fig. 6. The mean convergent/divergent stereo-threshold is plotted against
the absolute disparity of the 50l% 'in front' setting for subjects T. 0. (Fig.
6A) and A.B. (Fig. 6B). The circles, squares and triangles represent data
for peripheral angles of 0, 5 and 10 deg respectively. Zero on the abscissa is in
fact the Vieth-Miiller circle. The small arrows on the smooth curves, fitted
by eye through the points, indicate the disparity of the horopter relative
to the Vieth-MWIjer circle.

The abscissa is, in fact, not the absolute disparity of the upper target but is
the absolute disparity of the lower target at which it seemed to be nearer
than the upper on 50% of trials. This manner of plotting takes account
of any constant errors in subjective equality of depth.
For each disparity value there are two stereo-thresholds, one in a con-
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THE RANGE OF STEREOSCOPIC VISION
vergent direction (filled circle) and the other divergent (open circle).
Naturally, at large convergent absolute disparities the former is larger
than the latter, and vice versa at large divergent absolute disparities.

In Fig. 5B the data are replotted with a logarithmic ordinate. The
values are now the average of stereo-thresholds in convergent and diver-
gent directions. The points are well fitted by straight lines, confirming
Ogle's observation (1953) that the rise in disparity threshold with absolute
disparity is approximately exponential. The slope is rather more gradual
on the divergent side. These results suggest that stereo-acuity would be
negligible at absolute disparities more than 1 5-2 deg nearer or further
than fixation, for this subject.
The reader may be a little surprised that J.W.'s minimum disparity

threshold is more than 30 sec, compared with the familiar value of less
than 10 see for the best that man can do. However, this result is perfectly
reasonable in view of the low background luminance and the very short
exposure used here.
The same display is used in Figs. 6 and 7 for the mean convergent-

divergent stereo-thresholds for the other two subjects. For these observers
data were also collected in the peripheral visual field, at 5 and 10 deg to
the right of the fixation point. In Fig. 6A and B the results are plotted
for T.O. and A.B. respectively, on linear ordinates. The data points for
peripheral angles of 0, 5 and 10 deg are plotted as circles, squares and
triangles respectively, filled for T. O. and open for A.B. The points have
been fitted by eye with smooth curves. It is evident that the increase in
threshold with absolute disparity is rather more gradual in the periphery
than it is in the middle of the visual field.
The zero absolute disparity value for these families of curves is of course

the Vieth-Muller circle and all absolute disparities are measured relative
to it. A small arrow on each smooth curve marks the disparity of the
horopter relative to this geometric zero disparity. It is quite clear that
whenever the horopter is at some considerable absolute disparity, com-
pared with the Vieth-Muller circle, the minimum stereo-threshold occurs
near the horopter itself, and the function is roughly symmetric about it.

In Fig. 7A, B and C the results for T.O. and A.B., at 10, 5 and 0 deg
eccentricity respectively, are combined and plotted with logarithmic
ordinates. The curves are successively displaced downwards. This time the
abscissa is not true absolute disparity, measured from the Vieth-Miiller
circle, but is disparity relative to the horopter. Because there is some
variation in the shape of the horopter from person to person, and it is
obvious from Fig. 6 that threshold disparity is lowest at the horopter
itself, this is the only valid way in which data from subjects can be pooled.
If the abscissa had been true absolute disparity the agreement between

2I-2
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the two subjects would not have been nearly so good. The same symbols
plot the data as in Fig. 6. The exponential relationship seems to hold quite
well for all three peripheral angles and the results are rather similar for
the two subjects.
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Fig. 7. The data from Fig. 6 are replotted with a logarithmic ordinate.
The results for peripheral angles of 10, 5 and 0 deg are shown in Figs. 7A,
B and C respectively, successively displaced downwards on the ordinate.
Filled symbols are for T. 0., open for A. B. In order to pooi the results the
points have been normalized for the disparity of the horopter on the
abscissa. Zero represents the horopter and disparities on the abscissa are
measured relative to the horopter. Best fitting (least squares) straight lines
are drawn through the points.



THE RANGE OF STEREOSCOPIC VISION
2

J.W.

1

Absolute disparity of upper slit (deg)
1 2

Divergent

C
0)

_ a

2

T.O.

1

Absolute disparity of upper slit (deg)
1 2

L I I
Divergent

2
2

A.B.

I

Absolute disparity of upper slit (deg)

2
1 2

1 1 1
Divergent

Fig. 8. The absolute disparity of the lower slit for it to appear to be at
the same distance as the upper slit is plotted against the disparity of the
latter, for J.W. (Fig. 8A), T.O. (Fig. 8B) and A.B. (Fig. 8C). For T.O.
and A.B. results are shown for peripheral angles of 5 and 10 deg, as well
as 0 deg, and the same symbols are used as in Figs. 6 and 7.
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Constant errors in subjective equality of depth
I have mentioned already that there was sometimes a discrepancy

between the actual absolute disparity of the upper target and the 50%
' nearer) setting of the lower slit. For large absolute disparities the constant
error could be considerable.
The results for the three subjects are shown in Fig. 8A, B and C, where

the absolute disparity of the test slit for subjective equality of depth is
plotted against the absolute disparity of the comparison slit. For subjects
T.O. and A.B. (Fig. 8B and C respectively) the results for the three
positions in the field are superimposed, the same symbols being used for
the three eccentricities as in Figs. 6 and 7.

Clearly there is considerable deviation from the expected slope of - 1,
particularly on the convergent side.

DISCUSSION

Relative depth discrimination on the basis of disparity cues alone is
possible over an enormous region of visual space, for a given fixational
position. Stereopsis is usefully at work over a range of about 3 deg of depth
in the centre of the visual field and an even greater extent in the periphery.
These dimensions are an order of magnitude greater than Panum's fusional
area (Mitchell, 1966) and stereopsis thus seems to be dependent in no
critical way on the fusion of the targets.

Nevertheless, Figs. 6 and 7 show that at any eccentricity stereo-acuity
is maximal at the horopter, where the targets do in fact seem single, con-
firming the speculation of Tschermak (1900). This means that fusional eye
movements (Rashbass & Westheimer, 1961), which bring objects on to the
horopter, and therefore into fusion, also bring them into the range of
maximum stereo-acuity. A possible reason for the complicated system of
retinal correspondence thus emerges. Although relative disparity is
analysed over a large range of absolute disparity, it is useful to bring
objects of interest to the region of maximum resolution. This is achieved
by making images with inappropriate absolute disparity the cue to a
vergence movement to bring them to that region. The subjective conse-
quence of this system is the fusion of images on corresponding points.

Doubtless, stereopsis far from fixation is important in building up a total
three-dimensional picture ofthe world, without continual large exploratory
vergence movements. Stereo-thresholds as high as a few min of arc become
meaningfully small linear separations in distance for short viewing
distances.

Despite the differences in stimulus display and procedural technique
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these experiments have confirmed the findings of Ogle (1953). In Fig. 9 a
comparison is drawn between the results of Tschermak & Hoefer (1903),
Ogle (1953) and the data for subject J.W. It must be emphasized that the
measures of stereo-threshold plotted are not strictly comparable. For
Tschermak & Hoefer's data, I calculated the angular range equivalent to
the linear range of subjective equality of depth shown in their table 1.

E
> 15
'U

,- 10

ed
0-
VI

5

0

0

Tschermak &
Hoefer, 1903: 25-3 50

-Subject J.W.: 00

0 1 2 3 4 5
Convergent absolute disparity (deg)

6

Fig. 9. Typical results from Tschermak &r, Hoefer (1903) ([1) and Ogle
(1953) (0) are plotted along with those for subject J.W. (A). Smooth
curves are fitted by eye to the points. For Tschermak & Hoefer's data the
targets were at a peripheral angle of between 2-5 and 3-5 deg, depending on
their absolute disparity. For Ogle's results the peripheral angle was 1 deg,
and J.W.'s data are for 0 deg.

Their experimental situation was very similar to that of Ogle (1953) but
was entirely performed in real depth with exposures lasting 10-20 sec. The
values plotted are one half this angular 'same depth' range. Ogle's (1953)
values are standard deviations for settings of subjective equality of depth
and J.W.'s are the mean 75 %/25 % 'nearer' thresholds. Since Tschermak
& Hoefer only employed convergent absolute disparities the other two
curves are of the appropriate convergent function alone.
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In spite of the differences in the exact metrics, Fig. 9 makes it clear that

Ogle (1953) and I were measuring rather similar functions, but Tschermak
& Hoefer (1903) were doing something altogether different. It is probable
that the discrepancy lies in the real depth situation and very long exposure
employed by these early workers.
A first glance at Fig. 6 shows a most unusual effect, also evident in

Ogle's results (1953). Unlike every other criterion for the resolving power
of the visual system, relative depth discrimination, at an absolute dis-
parity of more than 30 min, is actually more acute at 5 deg in the periphery
than it is in central vision. The cause of this strange result cannot be
sought in the increasing dimension, with eccentricity, of the receptor spatial
summation pools, but a possible reason lies more centrally.
Any disparate stimulus centred on the fixation point (in other words, an

object directly in front of, or behind, that point) has its image on temporal
or nasal retina in both eyes. On the basis of strict partial decussation such
an object should be represented monocularly in each hemisphere of the
brain. Blakemore (1969) has suggested that an intercortical pathway,
running through the splenium of the corpus callosum, allows binocular
convergence of this information upon single cortical neurones. In the cat
cortex there is bilateral representation of a central vertical strip of retina
and Blakemore (1969) has demonstrated that the magnitude of this double
representation accounts quite well for the range of disparity under survey
by binocular neurones in the area centralis projection area. However,
because of the limit imposed by the amount of bilateral representation,
the range of horizontal disparity of receptive field centres is only 2-3 deg
in the centre of the visual field, as opposed to 5 deg or more in the periphery.
These dimensions are really not very dissimilar to the limits of relative
depth discrimination in man measured in Expt. 3.

It is certainly worth speculating that the sharper decline of stereo-
acuity with absolute disparity in the centre of the visual field is due to the
limits of the amount of bilateral representation in the human cortex.

There is some evidence from clinical studies that an interhemispheric
pathway exists in man, for Mitchell & Blakemore (1970) have shown that
a split-brain human cannot recognize disparities at all in the middle of his
field, although his peripheral stereopsis is intact. Likewise, a human with a
sagittally divided optic chiasma can still perceive that objects in front of
his fixation point are closer to him (Blakemore, 1970).

It is of great interest that the range of 'patent' stereopsis measured in
Expt. 3 is very comparable to the range of receptive field disparities in the
central projection area of the cat. No doubt man's stereo-acuity is much
higher than that of the cat but his system of depth discrimination may be
working over a very similar total region of visual space. But, in that case,
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what is the physiological correlate of 'qualitative' depth localization
measured in Expt. 2?

There is no doubt that the upper limit of stereopsis is many degrees of
absolute disparity, even in the centre of the visual field (Table 1). There
may yet be an appropriate neurophysiological analogue for this pheno-
menon. Most binocularly driven cells require that an appropriately
orientated image be very specifically positioned on the receptive field in both
eyes (Barlow et al. 1967; Pettigrew et al. 1968). However, if certain binocular
neurones were completely non-specific in their disparity preference and
required only that similar images be placed somewhere in their receptive
fields, then they would not be very useful for relative disparity discrimina-
tion but they would survey an enormous range of disparity, twice the
angular width of their receptive fields. It may be, then, that qualitative
depth localization in central vision is mediated by binocular neurones of
this type, with large receptive fields, which receive an input from the
contralateral hemiretina of one of the eyes via a fibre running through
the corpus callosum from the other hemisphere.
Some very interesting results of Mitchell (1969) point up another

essential difference between ordinary stereopsis and qualitative locali-
zation of briefly exposed diplopic images. He has found that the half-
images do not even have to be of the same shape for a depth sensation to
result. Hence, there may even be a few binocular neurones that are shape
non-specific as well as disparity non-specific and require only simul-
taneity of exposure in the two eyes. The depth signal conveyed by these
neurones would be gross and might indicate only whether a target was
closer or further than the fixation point and not by how much. This would
fit well with Ogle's (1952 a, b) idea of the essential difference between
patent and qualitative stereopsis.
The discrepancies between subjective and objective equality of distance

shown in Fig. 8 are a little perplexing. Small constant errors are to be
expected in any sensory task but the errors in this case were sometimes
very large. At the extremes, constant errors merely indicate the break-
down of a comparative depth sense, but an error within the obvious
functional range of the system suggests something rather different. It
implies that the retinal areas above and below the central horizontal
meridian are not 'scaled' in precisely the same way as far as disparity
signalling is concerned. This should not seem too surprising since stereopsis
is a relative depth sense working principally over a limited retinal region
of comparison. Certainly if a subject is asked to set a horizontal array of
objects to appear to lie in the same plane as fixation they are often far
from truly fronto-parallel (Ogle, 1962, pp. 331-332). The constant errors
indicate that the subjective fronto-parallel plane can be tilted vertically
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away from the objectively flat surface, and that this distortion is greatest
for subjective fronto-parallel planes at distances other than the fixational
distance.

In conclusion, stereopsis is possible over a very broad region of visual
space: 3 deg of disparity is an extremely great linear range even for close
fixation distances. In Fig. 10 the results of Figs. 6 and 7 have been con-
verted into real-distance terms. A computer was used to translate the
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Fig. 10. Here the results of Expt. 3 are interpreted in terms of realdist2
ance. The diagram represents the plane of fixation and the scale of distance
is appropriate for both co-ordinates. T. O.'s horopter is reproduced as filled
circles and his visual axes are shown as interrupted lines directed towards
the fixation point, F. Each smooth line is a contour of iso-threshold-
disparity, and the magnitude of that threshold, in minutes, is shown at
the end of the contour line.

functions fitted to the combined data in Fig. 7 into stereo-threshold versus
distance in cm, for a viewing distance of 43'7 cm, an interocular separation
of 6-5 cm and the horopter of subject T. 0. The functions are plotted in the
form of a contour diagram in Fig. 10. T. 0.'s horopter is reproduced as
filled circles, just as in Fig. 3, and the interrupted lines represent the visual
axes fixating point F. Each smooth continuous curve follows a line of iso-
threshold, with considerable liberty taken in the interpolation between the
data points at eccentricities of 0, 5 and 10 deg. The threshold disparity
in mm is shown at one end of each contour line. The two halves of
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the visual field have been assumed to be symmetrical. This diagram
emphasizes, perhaps more powerfully than any other, how the region of
acute stereopsis follows the horopter and how the range is compressed in
the middle of the visual field. This, then, is the scope of binocular depth
discrimination in man.
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